Metal-insulator transition in ultrathin LaNiOa films 
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Transport in ultrathin films of LaNiOs evolves from a metallic to a strongly localized character as 
the film's thickness is reduced and the sheet resistance reaches a value close to h/e^ , the quantum 
of resistance in two dimensions. In the intermediate regime, quantum corrections to the Drude low- 
temperature conductivity are observed; they are accurately described by weak localization theory. 
Remarkably, the negative magnetoresistance in this regime is isotropic, which points to magnetic 
scattering associated with the proximity of the system to either a spin glass state or the charge 
ordered antiferromagnetic state observed in other raxe earth nickelates. 



Complex oxides are exciting materials in which the in- 
terplay between charge, spin, orbital and lattice degrees 
of freedom leads to a wealth of novel and exotic phenom- 
ena. Among these materials, LaNiOs (LNO), a metal and 
paramagnet lacking any ordering phenomena in bulk [J- 
y], has recently become the subject of intense research. 
This was mainly triggered by theoretical work Q which 
suggested the possibility of orbital ordering and high-Tc 
superconductivity in superlattices where very thin LNO 
layers are separated by insulating layers, confining the 
conduction to two dimensions (2D). These predictions 
have yet to be confirmed experimentally. 
LNO bulk and thin films have been extensively stud- 
ied in the past, showing a large effective mass and en- 
hanced Pauli paramagnetism, which has been attributed 
to strong correlations P, 0, IH- This material has also 
been reported to be sensitive to the degree of disorder. 
For instance, increasing the amount of oxygen vacan- 
cies can lead to weak localization and metal-insulator 
(MI) transitions, as well as antiferromagnetic ordering 
and spin glass behaviour 0-11]. 

LNO based heterostructures have been grown and trans- 
port measurements have revealed a MI transition as 
the LNO thickness is reduced to only a few unit cells 
(u.c.)0, [l3|. This behaviour is in agreement with the MI 
transition observed in single ultrathin LNO films [11| |. 
Understanding the nature of transport for this compound 
in the ultrathin limit appears essential for future investi- 
gation of LNO-based heterostructures and serves as the 
motivation for this work. Upon reduction of the LNO 
thickness, transport evolves from a metallic to a strongly 
localized behavior as the room temperature sheet resis- 
tance approaches h/e^ ^ 25kfi, the quantum of resis- 
tance in 2D. We find a transition region between the 
metallic and the strongly localized states where the films 
show an upturn in the resistivity at low temperatures 
which can be explained by the theory of weak localiza- 
tion. Surprisingly, the magnetoresistance (MR) is found 
to be isotropic in this regime. We attribute this to the 
presence of magnetic scattering and discuss its possible 
origins. 

Films were grown on (001) SrTiOa substrates by off-axis 
rf magnetron sputtering, leading to fully strained epi- 



taxial c-axis oriented LNO. Magneto-transport measure- 
ments were carried out between 1.5 K and 300 K in a He 
flux cryostat equipped with a superconducting magnet. 
More details on the growth, structural characterization 
as well as sample preparation for transport measurements 
can be found in Ref. fllj . 

loffe and Regel pointed out that the simple kinetic the- 
ory of conductivity has to break down when the particle 
wavelength is longer than the mean free path /. When 
kpl is close to unity, kp being the Fermi wave number, 
a MI transition is expected. In 2D [13], the sheet resis- 
tance, i?shGot, is related to kpl by 



kpl = 



h/e^ 25kn/D 
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When quantum corrections are included in the calcu- 
lation of transport properties [l^], the above criterion 
defines a crossover region between weak and strong lo- 
calization. Figure [T]A_ shows the evolution of sheet re- 
sistance versus temperature curves with LNO thickness. 
The sheet resistance increases continuously as the film 
thickness is reduced and three different regimes can be 
distinguished. For low sheet resistance values (below ~ 2 
kil at room temperature), the films remain metallic down 
to the lowest temperature of our experiments. This cor- 
responds to films that are at least 8 u.c. thick. Below 
this thickness and for sheet resistance values less than 10 
kfi, we observe an upturn in the resistivity at around 15 
K (7 u.c. film) and 40 K (6 u.c. film). Finally, the curve 
for 5 u.c. thick LNO has a sheet resistance very close 
to /i/e^ at room temperature, resulting in kpl ~ 1 and 
insulating behavior is found at all temperatures. The re- 
sistance of films with lower thicknesses is so large that it 
lies outside of the accessible measurement range. These 
three regimes also pertain to films grown on different sub- 
strates, such as LaAlOs, NdGaOs, KTaOs, and MgO (as 
well as LaAlOs, 
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LSAT and DyScOg in Ref. 
We may conclude that the LNO films undergo a MI tran- 
sition upon reducing the number of layers and that strong 
localization effects are seen in the 5 u.c. sample, where 
kpl ~ 1 at room temperature. 

In the metallic regime, the films behave as shown in Fig- 
ure [Tj3. The resistivity drops by nearly a factor of three 
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FIG. 1. A: Sheet resistance versus temperature for different 
film thicknesses. The dashed line corresponds to ~ 25 kf2, the 
quantum of resistance in 2D. Arrows mark the temperatures 
where upturns in the sheet resistance occur. B: Resistivity 
versus temperature for a metallic 9 u.c. film. The dotted line 
is an extrapolation of the high temperature linear behavior. 
The inset shows the resistivity versus T^ for temperatures 
below 25 K. C: Logarithm of conductance as a function of 
for a 5 u.c. film for temperatures from 1.5 K to 250 
K. The black line is the linear fit to the data between 1.5 K 
and 5 K. 



from its room temperature value to a residual resistivity 
of po 100 /.tilcm. At high temperatures, the resistivity 
varies linearly with T, with 5p/5T = Q .Q iiQ,cmK~ . At 
low-temperatures, below 25 K (see inset), the resistivity 
shows a quadratic temperature dependence, p = po+AT^ 
with A = 7.7 • 10~^ pflcmK~^ . Further characterization 
can be found in Ref. [lH. This behavior and the char- 
acteristic values above are typical of bulk stoichiometric 
LNO 0. 

Attempts to fit the T dependence of the conductivity 
in the insulating state of 5 u.c. thick films to a simple 
activated form (In(cr) ^ 1/7") failed, as there is a clear 
curvature in the Arrhenius plot. For this strongly local- 
ized regime, we expect a variable range hopping (VRH) 
type of conduction. In this case, at low temperatures, 
electrons hop between localized states and the sheet con- 
ductance is given by [17 



<7 = Ccxp(-(ro/T)"), 



(2) 



where Tq depends on the density of localized states at 
the Fermi level and the falloff rate of the wave func- 
tions associated with these states. For non-interacting, 
d-dimcnsional systems, the exponent a = -j^- Attempts 
to model the data with a 3D expression (a = 1/4) were 
not successful. Figure \Vp shows the logarithm of the 
sheet conductance as a function of l/T^/'^ for a tem- 
perature range from 1.5 K to 250 K. Below 5 K, ex- 
cellent agreement with a linear fit can be observed (with 
To = 4.0 K and C = 0.13 mS), consistent with VRH in 
2D with a = 1/3. However, due to the limited tempera- 
ture range of the fit, it is difficult to distinguish between 



the exponent a = 1/3 and a = 1/2, which is the rele- 
vant exponent if Coulomb interactions play a role. At 
higher temperatures, the behavior of the resistivity devi- 
ates only slightly from the linear fit, indicating that VRH 
may still be the main conduction mechanism. Indeed, it 
was argued in Ref. [11] that VRH can persist at higher 
temperatures due to polaron assisted hopping. 
The conductance in the insulating state is consistent with 
2D VRH, which also indicates that the thickness driven 
metal-insulator transition can be associated with a di- 
mensional crossover from a 3D metallic state to a 2D 
insulating state. 

As mentioned before, when the film thickness is reduced 
to 7 and 6 u.c, an upturn in the resistivity appears at 
low temperature, as indicated by the arrows in Figure 
[TJ'V. The inset of Figure [5] shows the low-temperature be- 
havior of the resistivity on a linear scale for a 7 u.c. film. 
A plausible interpretation of this phenomenon is weak lo- 
calization where quantum interference of electronic waves 
diffusing around impurities enhances backscattering and 
thus leads to a reduction of the conductivity. In the 2D 
case Il3l 



O- = (To 



-p— in(r/r^) 

TT/l 



(3) 



where ao is the Drude conductivity and p the temper- 
ature exponent of the inelastic scattering length ^ 
If the main inelastic relaxation mechanism is due 
to electron-electron collisions, p = 1, whereas electron- 
phonon scattering gives rise to p = 3 [l3|. Tq is re- 
lated to the transport mean free path, which represents 
the lower length cutoff for diffusive motion. Figure [2] 
shows the sheet conductance as a function of ln(T) for 
a 7 u.c. film. A linear fit to this curve yields a slope 
of 1.1-10"^ S « e'^/irh, which is precisely equal to the 
theoretical prediction given by Equation [3] with p = 1. 
This points to electron-electron collisions as the main in- 
elastic scattering mechanism. The remaining fitting pa- 

2 

rametcr (Tq — p-^ In(To) returns a value of 1.2 mS. For 
6 u.c. thick films, the slope is 1.2-10^^ S, again very 
close to /irh. The dotted line in Figure [5] indicates how 
the conductance would behave if electron-phonon colli- 
sions were dominant. At this stage, two points should be 
noted. First, a 2D model was used to describe the low- 
temperature behavior, which requires that the inelastic 
scattering length be larger than the thickness of the film. 
As will be shown later, this constraint indeed appears 
to be fulfilled in our samples and we have furthermore 
checked that the data cannot be fitted to a three dimen- 
sional model where the conductivity goes as 
Nevertheless, the validity of the 2D assumption needs fur- 
ther confirmation. Second, Coulomb interactions would 
also lead to a logarithmic increase of the resistivity [l^ . 
Both of these issues can be clarified by analyzing the MR. 
A uniform magnetic field breaks time-reversal symme- 
try and destroys the phase coherence of the "closed path" 
electronic waves, hence suppressing weak localization ef- 
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FIG. 2. Sheet conductance versus the logarithm of tempera- 
ture for a 7 u.c. film. The linear fit to the data (black line) 
gives a slope of 1.1-10~^ S « e^/yr/i, hence p — 1. If p = 3, 
the data points should follow the grey dotted line. The inset 
shows the resistivity of the same sample on a linear scale. 



fccts. This picture predicts a negative MR when spin 
effects are absent. In Figure [3]^., the MR in perpen- 
dicular field is shovifn for a 7 u.c. sample for different 
temperatures. The latter is found to be negative and its 
magnitude steadily decreases with increasing tempera- 
ture, consistent with weak localization. The negative sign 
of the perpendicular field MR is evidence for the fact 
that the low-temperature resistivity behavior is not dom- 
inated by electron-electron interactions, as these would 
lead to a positive MR No detectable MR was ob- 

served in metallic or insulating films. Figure [3J3 shows 
the magnetoconductance {cr{H) — (t{H = 0)) in units of 
e^/nh for different temperatures, H being the applied 
magnetic field. For the weak localization regime in 2D, 
in the absence of spin-flip scattering, the magnetocon- 
ductance was calculated to be 

a{H,T) a{H = 0,r) = + +ln(x)] (4) 

where ip is the digamma function and x — If^^AeH/h. 
The only fitting parameter here is the inelastic scatter- 
ing length lin- This theory was successfully used to fit 
the experimental data, as shown in Figure [3)3. In the 3D 
case, the magnetoconductance would behave as H~^^^ 
(lij . The T dependence of the inelastic scattering length, 
predicted to scale as T"^/^, was determined for three dif- 
ferent samples (see Figure leading to a /.j„ ^ 
variation. This form confirms that p = 1, as was previ- 
ously deduced from resistance versus temperature mea- 
surements. We also note that 1^ is about 10 nm at 6 K, 
which is about four times larger than the film thickness, 
hence indicating that these films are indeed in the 2D 
regime. 

In order to further confirm the 2D weak localization 
behavior, we also measured the MR for magnetic fields 
applied parallel to the film. In a 2D system, and in ab- 
sence of spin-orbit scatterers or magnetic impurities, or- 
bital contributions to the MR are quenched in parallel 
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FIG. 3. A: Perpendicular magnetic field dependence of the 
MR, [i?(/f) -i?(0)]/i?(0), of a 7 u.c. film for several fixed tem- 
peratures. B: Magnetoconductance as a function of magnetic 
field including fits to the data discussed in the text. The num- 
ber of points and temperature curves were reduced for clarity. 
C: Temperature behaviour of the inelastic scattering length, 
extracted from the fits of the magnetoconductance for three 
different samples showing weak localization. The solid and 
dotted lines are theoretical curves for the case where p = 1 
and 3 respectively. 



fields. Figure m shows the in- and out-of-plane MR mea- 
sured at 1.5 K for a 7 u.c. LNO film. Remarkably, for 
both field orientations, the MR is the same. Further- 
more, an angular sweep of the magnetic field from the 
perpendicular to parallel configuration exhibited no par- 
ticular features (resistance variations of less than 0.01 %), 
indicating a nearly isotropic MR. This surprising result 
can in fact be understood within the Maekawa-Fukuyama 
theory [l^. It can be shown that, in the presence of sig- 
nificant spin fiuctuations, the above two characteristics 
of the MR emerge naturally when one includes magnetic 
terms in the diffusive electronic scattering processes. In 
that regime, Eq.(j4]) can still be used to fit the MR, pro- 
vided we define = ^ + ^ ipin = Drin, where D 
is the diffusion constant). The energy (magnetic) relax- 
ation times Tg (ts) are such that r, > and — > 13 ^ -f . 
/? is a coefficient on the order of 0.06 in the low field limit. 
One possible origin of these spin fluctuations could be 
the slight oxygen deflcicncy in the LNO fllms that leads 
to the formation of magnetic Ni^''" ions. We may sur- 
mise that, owing to the ultrathin character of the fllms, 
the concentration of vacancies may be large enough to 
preclude the formation of Kondo singlets in the metallic 
phase of the film. For this conducting state, interactions 
between spins of the Ni^+ atoms are expected to be of 
the RKKY type such that, in the presence of disorder 
-recall that the system is close to a MI transition- they 
may promote a spin-glass type of ordering. We note that 
in bulk LNO samples, for large enough densities of vacan- 
cies, spin glass behavior has indeed been reported @, Q- 
In 2D, a true spin-glass transition would only take place 
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also reveals the presence of magnetic scattering, suggest- 
ing the proximity to either a spin-glass state or a charge 
ordered antiferromagnetic state akin that of the other 
members of the RNiOs family. 
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FIG. 4. Magnetoresistance with the magnetic field applied 
parallel and perpendicular to the film plane, measured at 1.5 
K for a 7 u.c. LNO film 



at T = K [20| , and one does not expect the kind of static 
and time dependent anomalies that are the hallmark of 
this state. Yet, if T is low enough, one anticipates a 
fair amount of magnetic fluctuations and scattering on 
these fluctuations by diffusing electrons is expected to 
dominate orbital contributions and to impact the MR as 
discussed above 
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Another possible origin of the magnetic fluctuations is 
the proximity to a charge ordered antiferromagnetic in- 
sulatin g st ate characteristic of RNiOa with the rare earth 
R^^La 22]. Recent work has demonstrated that unlike 
bulk LNO, ultrathin layers in a superlattice configuration 
display ordering phenomena such as charge and orbital 
ordering as well as possible antiferromagnetic ordering 



In summary, transport measurements in ultrathin 
LNO films revealed an evolution from a metallic to a 
strongly insulating behavior, as the room temperature 
value of the sheet resistance approaches h/e'^ = 25kfl. 
In the intermediate regime, a transition region was found 
where weak localization is observed. The MI transition 
can be associated with a dimensional crossover from 3D 
to 2D, which emphasizes the role of disorder. A detailed 
investigation of the transport properties in the weak lo- 
calization regime does not reveal any obvious signatures 
of strong electron-electron interactions. However, such 
interactions cannot be ruled out in the thinner, strongly 
localized films, where correlations may become more im- 
portant. The unexpected observation of isotropic MR 
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